The aim of our present study was to construct genetic structure and relationships among Chinese fine-wool sheep breeds. 46 individuals from 25 breeds or strains were genotyped based on the Illumina Ovine 50K SNP array. Meanwhile, genetic variations among 482 individuals from 9 populations were genotyped with 10 microsatellites. In this study, we found high genetic polymorphisms for the microsatellites, while 7 loci in the Chinese superfine Merino strain (Xinjiang types) (CMS) and 5 loci in Gansu alpine superfine-wool sheep strain (GSS) groups were found deviated from Hardy-Weinberg equilibrium (HWE). Genetic drift F ST =0.019 (P<0.001) and high gene flows were detected in all the 7 fine-wool sheep populations. Phylogenetic analysis showed fine-wool sheep populations were clustered in a group independent from the Chinese indigenous breeds such that the 7 fine-wool sheep clustered distinct from Liangshan semifine-wool sheep (LS) and Hu sheep (HY) reflected by different population differentiation analyses. Overall, our findings suggested that all fine-wool sheep populations have close genetic relationship, which is consistent with their breeding progress. These populations, therefore, can be regarded as open-breeding populations with high levels of gene flows. Furthermore, the two superfine-wool strains, viz., CMS and GSS, might be formed by strong artificial selection and with frequent introduction of Australian Merino. Our results can assist in breeding of superfine-wool sheep and provide guidance for the cultivation of new fine-wool sheep breeds with different breeding objectives.
Introduction
Merino is a wool-type sheep which is certainly one of the most widely used breeds in upgrading programs worldwide by Food and Agriculture Organization of the United Nations (FAO 2007) . The recent statistics show that this fine-wool sheep alone contributes more than 50% of the world's sheep population. Merino wool is popular as a natural fiber which provides excellent breathability. Wool quality traits, such as fiber diameter, length and strength, are important criteria in Merino breeding programs throughout the world. Chinese fine-wool sheep were derived by political and market demand in recent decades by crossing indigenous Chinese sheep as female parent with European and/or Australian Merino and finally accompanied by the progressive hybridization with Australian Merino after a complex breeding progress. In China, fine-wool sheep industry is fast growing and contributes more than one third of total world wool production (FAO 2011 (FAO -2012 . Furthermore, China has also become the largest wool textile and garment producing and exporting country. In order to fulfill the high demand of finewool, more quantity of wool with better quality is required to be produced in the country itself. But incredibly these fine-wool sheep are adapting well and produce more wool and meat in such difficult situation with extreme temperatues, poor soil and degraded grassland in Northern China.
National Fine-Wool Sheep Association Breeding Program was formed in China when Australian Merino was introduced in country. This program used best linear unbiased prediction (BLUP) statistical software for selection of breeding stock especially for superior rams. Moreover, embryo transfer and artificial insemination played a vital role to increase the population size of high-quality Chinese fine-wool sheep. Even though Australian Merino has a very important role in upgrading Chinese fine-wool sheep breeds, indigenous sheep might lose their advanced genes, such as disease resistance and adaptability in the local environment, after frequent introgression with Australian Merino. However, the second national survey of the genetic resources of livestock and poultry in China revealed that indigenous pure breeds have been reduced drastically due to substitution or crossbreeding with commercial breeds. The loss of diversity in livestock species has important economic, ecological, and scientific implications, as well as social considerations (Lancioni et al. 2013) . Genetic characterization of breeds is the pre-requisite for genetic conservation programs and developing breeding strategies (Yilmaz et al. 2014) . Understanding genetic diversity and population structure of those populations is essential for fine-wool sheep breeding. Genomic variation such as mitochondrial genome mutations and microsatellites were always being used to study the genetic history and genetic diversity of domestic animals (Groeneveld et al. 2010) . Recently, many molecular researches have been performed placing emphasis on wool and growth performance indexes Liu et al. 2014; Wang et al. 2014) . However, very little work has been performed on the adaptation of these fine-wool sheep in different climates. One region near TRPM8 gene was detected which might be related to the adaptation to cold climate (Fariello et al. 2014 ) and an allele OAR22_18929579-A was observed to be correlated with climatic variation by genome scan for selection based on the Sheep HapMap dataset (Lv et al. 2014) . Nevertheless, almost no study was on the adaptability of those Chinese fine-wool sheep. Very little is known on the genetic diversity and population structure of those populations, especially the heredity contribution of Australian Merino to Chinese fine-wool sheep.
In our present study, we focus to characterize the levels of genetic diversity, phylogenetic relationships and patterns of Australian Merino introgression and admixture among the 7 main fine-wool sheep populations with their elaborate crossbreeding history. Therefore, the genome wide Ovine 50K single nuclear polymorphisms (SNPs) array and 10 microsatellites have been used to analyze the population structure and relationship between Chinese fine-wool sheep and indigenous breeds.
Results

Microarray data
To investigate the population structure, we have firstly constructed a neighbor-joining (NJ) tree basing on genome-wide allele sharing among 46 sheep from 25 populations (Fig. 1) . The NJ tree separated out fine-wool sheep from indigenous Chinese sheep. For better understanding the population structure, we further performed a principal component analysis (PCA) using a subset of 47 816 SNPs in all selected breeds/strains of sheep. The analysis showed two principal components (Fig. 2 ) that revealed different patterns between Chinese indigenous breeds and fine-wool sheep. This finding was consistent to NJ tree results. Furthermore, 4 Mongolian lineages sheep (Mongolian, Hu sheep, Small-tailed Han and Tan sheep) clustered together; 13 Tibetan lineages sheep from the Qinghai Tibet Plateau (Minxian black fur, Guide black fur, Ganjia, Tianjun, Qilian, Qiaoke, Awang, Duoma, Oula, Gangba, Jiangzi, Langkazi, and Huoba sheep) were clustered in the same branch, and among these, only Minxian black fur sheep showed close genetic relationship with Mongolian lineage sheep. The NJ-tree showed clearly that all 7 main fine-wool sheep populations clustered which were together distinct from other indigenous breeds. This result was similar to that of the PCA analysis. We also found Kazakh sheep were in a separated branch close with Mongolian lineage sheep. In our study, we found 4 groups, namely: Kazakh, Tibetan, Mongolian and fine-wool sheep and the genetic relationships among these populations are consistent with their breeding progress. This result was well-supported by the traditional classification (Zheng 1988) .
Microsatellite data
A total of 153 alleles were observed from the 10 microsatel-lites in the 482 genotyped individuals. The alleles number of each locus were from CP34 (7) to CB226 (24). There was no linkage disequilibrium between all the 10 loci at 95% confidence intervals which illustrated that the 10 sites with independent inheritance. Two superfine-wool sheep, viz., Chinese superfine Merino strain (Xinjiang types) (CMS) and Gansu alpine superfine-wool sheep strain (GSS), had high mean number of alleles per locus which were 10.50 and 9.60 respectively, whereas Liangshan semifine-wool sheep (LS) and Hu sheep (HY) had the lowest mean numbers of alleles per locus which were respectively 6.80 and 6.90 respectively (Table 1) . Hardy-Weinberg equilibrium (HWE) for each locus and population were observed for 10 loci (Table 1). Consistent to our expectation, significant deviations from HWE in all the 10 loci were observed in superfine-wool sheep. When all the breeds were combined to detect the loci deviated from HWE, 7 loci in the CMS group and 5 loci GSS were found.
High genetic polymorphism ranged from 0.5504 to 0.7838 in polymorphic information content (PIC) values of total 10 loci were detected in all 9 populations, and the allelic richness values per population varied from 6.4363 (in HY) to 8.3555 (in GSS) ( Table 1) . These values indicated that the microsatellite markers with high polymorphism could be used in the present study. Meanwhile, the mean PIC value was 0.6939 for all 7 populations of fine-wool sheep, especially GSS with the highest mean PIC value (0.7369). Heterozygosity can be used to measure population genetic variation. In this study, H E value of all microsatellite markers ranged from 0.6693 to 0.7763, and GSS exhibits the highest H O value (0.8224) for all 10 microsatellites. We have also obtained H E values for all breeds which were consistent with H O values (Table 1 ). This implied that the microsatellite markers can be reliably employed to measure genetic variation for these populations.
F IS and F IT were estimated for each locus in all 7 finewool sheep population. The F IS values for the markers ranged from -0.264 (for FCB193) to 0.074 (for ILSTS11) (Table 2) , showing low level of inbreeding in all 7 fine-wool sheep populations, and F IT values ranged from -0.239 (for FCB193) to 0.064 (for JMP58) (Table 2) . Correspondingly, levels of apparent breed differentiation were considerable with F ST values. The least pairwise F ST value was 0.0079 between Chinese Merino (Xinjiang types) (CM) and Xinji fine-wool sheep (XJF). Mean F ST (0.019) of all 7 fine-wool sheep at the 95% confidence intervals indicated that 98.1% genetic diversity caused by genetic variation within breed. The value of G ST for all 10 loci of 7 fine-wool sheep was 0.017 (Table 2) , which suggested that low genetic diversity among breeds and little genetic variation resulted from the differences between the populations. Furthermore, we found high gene flow between fine-wool sheep population and all the N m values were greater than 8 (Table 3 ). The highest gene flow was estimated for the CM-XJF pair (N m =31.30).
Meanwhile, the greatest pairwise F ST estimates were 0.0302 between Aohan fine-wool sheep (AHF) and Qinghai finewool sheep (QHF), and the lowest gene flow was detected for this pair (N m =8.02).
As expected, small pairwise distances were observed among 7 fine-wool sheep and the highest genetic distances were observed between HY and fine-wool sheep (Appendix A). Five populations (CMS, CM, XJF, AHF and GSS), had a small pairwise distance whereas Gansu alpine fine-wool sheep (GSF) stays close with QHF. The trees were constructed with the unweighted pair group method with arithmetic mean (UPGMA), using the classical genetic distance among populations (DA) method (Fig. 3) . The tree suggested 2 main groups such as fine-wool sheep where 7 fine-wool sheep clustered close together, and the rest where other 2 breeds namely LS and HY, made a separate branch.
The PCA results stayed consistent with the topology of the phylogenetic trees, which was constructed to examine the intergroup relationships. The first 3 principal coordinates in our analysis explained 75.98% of the total variation. The first divided the populations into 2 major groups, LS and HY far away from 7 fine-wool sheep (Fig. 4) . In order to confirm the findings of PCA, population structure analysis was performed. When K=5, the diagram clearly exhibited a great genetic background between fine-wool sheep breeds and the rest (LS and HY), among which CMS and AHF showed a little different component content (Fig. 5) .
Discussion
Currently, there are many genetic studies aiming to improve the knowledge of the genetic composition of Chinese sheep breeds. However, almost none of them dealt with comprehensive and systematic study on the fine-wool sheep populations Wang et al. 2006; Niu et al. 2012; Zhao et al. 2013) . The main goal of this study was to contribute to the knowledge of population structure and characteristics of Chinese fine-wool sheep. Chinese finewool sheep have constituted a large proportion of fine-wool sheep populations worldwide with the increasing demand for fine-wool. Even though Chinese fine-wool sheep breeds are found in different geographical distributions and exhibit different phenotypic traits, but still phenotypically similar to Merino, so they can also be called as Merino-typed breeds. When tracing back the ancestry history of these breeds, all were having same breeding background crossed between Australian Merino and Chinese indigenous breeds. Nonetheless, each breed or strain with special phenotypic character for the geographical isolation. This study provides new insight into the genetic structure of fine-wool sheep which was separated from the indigenous sheep that once as their ancestors. Since gene flow occurred frequently among fine-wool sheep populations, high gene flow may reduce the original rich genetic variation among those breeds. Based on the results we thus suggest the selection within breed is a good strategy to upgrade those populations. Many genome wide scan studies were conducted specifically to shed light on the population structure in sheep with the advantage for plentiful SNP makers that could be used to characterize genetic diversity, identify breeds and detect population structure (Kijas et al. 2012; Ciani et al. 2014; Fariello et al. 2014) . In this study, 47 816 SNPs were applied to analyze the population structure between fine-wool sheep and Chinese indigenous sheep. We analyzed the population by using NJ-tree and to better understand the population structure of all 46 sheep from 25 populations, we further performed PCA where 4 clusters were formed, including Kazak, Mongolia, Tibetan lineages sheep and fine-wool sheep. Tibetan sheep defines separate group except for Minxian black fur sheep which were produced by crossing Mongolian-type sheep. Considering all the findings of our studies and based on archaeological, morphological, historical and available molecular genetic information (Zheng 1988; Zhong et al. 2010) , we recommended 3 different sheep lineage groups such as Mongolian, Kazakh and Tibetan for Chinese sheep in contrary to the recent study which includes Mongolian and Kazakh sheep in one group (Wei et al. 2015) . Most of those indigenous sheep are not only adapted to their local environment, but also are regarded as important genetic resources and one of the major components of agro-animal husbandry societies (Zhao et al. 2013) . For instance, Tibetan (thin-tailed) sheep and Mongolian (fat-tailed) sheep are abundant in high latitudes; Kazakh (fat-rumped) sheep have the ability to deposit a large amount of fat in the body to meet nutritional demands during the winter and spring (Wei et al. 2015) . According to the NJ phylogenetic tree, fine-wool sheep population defined an independent branch separated from Chinese indigenous sheep breeds, and all Tibetan sheep breeds formed a cluster together. One reason was because those Tibetan lineage sheep lived in Qinghai-Tibetan Plateau, which is the naturally geographi- cal isolation from other indigenous sheep of China. All the fine-wool sheep just clustered into an independent branch might be due to the high gene flows between those breeds. We found Chinese superfine-wool Merino strain stay far away from the cluster of fine-wool sheep in the PCA result (Fig. 2) , which may related to the frequent introgression of Australian Merino in recent years.
Microsatellite markers have been widely used for population genetic analyses of livestock species. More microsatellite markers mean abundance of SNPs which is a condition to ensure the accuracy of the results. Ovine SNP50 chip and microsatellite markers were simultaneously used in our study, and we chose the 10 loci which have wide genome coverage. Our results suggested that 9 populations showed a relatively high level of genetic variation as estimated by allelic diversity and heterozygosity. All 10 microsatellite loci used in this study showed no significant linkage disequilibrium and almost all the loci with high allele number, which can provide an evidence to select the loci for the future genetic diversity study of the fine-wool sheep. Most of the loci displayed in HWE in all the 9 population except 2 superfine strains CMS and GSS, which may be caused by strong artificial selection just for achieving finer wool fiber. In addition, strong artificial selection might be an important driving force for the formation of species diversity (Wei et al. 2015) . It is found that significant genetic improvements have happened in fiber diameter of CMS (Di et al. 2014) . Deviations from HWE are generally caused by non-random mating and inbreeding (Hartl and Clark 1997) . The 2 strains, namely CMS and GSS, may be non-random mating with the flock with superfine-wool. This analysis revealed that the PIC values show strong variation and high mean value of allelic richness in all 9 populations. The level of PIC is generally used to measure the polymorphism for a marker locus (Botstein et al. 1980 ) and the mean of allelic richness is relevant for estimating the value of polymorphism (Leberg 2002) . In conclusion, the microsatellite markers used in this study have many alleles; and a high level of gene diversity and sufficiently polymorphic which suggest that the 10 microsatellite markers used in this study are suitable.
Generally, genetic variation within populations was larger than that among populations. Genetic drift among all 7 finewool sheep populations (F ST =0.019), only approximately 2% of the genetic variation is distributed among populations. Wright (1978) proposed that there is almost no genetic differentiation when the F ST values are between 0 and 0.05 among populations. The highest gene flow was estimated for the CM-XJF pair (N m =31.30), because of the background of the breeding practice which the superior rams from Chinese Merino (Xinjiang types) were used for progressive hybridization with Xinji fine-wool sheep during the breeding progress. The high gene flows in all 7 fine-wool sheep populations also might seriously affect the differentiation and genetic structure of these fine-wool sheep populations.
The PCA grouped 9 populations into two different genetic clusters which is consistent with the microarray analysis. Meanwhile, the fine-wool sheep with a closer distance was also clearly reflected in the constructed phylogenetic trees. Our results show that genetic relationships of the semifine-wool sheep LS with all the Chinese fine-wool sheep are not close even though once it was introduced by Chinese Merino (Xinjiang types). One study about the genetic diversity of 6 semifine-wool sheep breeds showed that high gene flows or close relationships existing between Liangshan semifine-wool sheep and other 5 breeds including Yunnan semifine-wool sheep, Guizhou semifine-wool sheep, Pengbo semifine-wool sheep and foreign breeds Corriedale sheep and Romney sheep, and always Corriedale and Romney were respectively used for introgression in those semifine-wool breeds in China (Zhu et al. 2013 ). The 5 fine-wool sheep populations (CMS, CM, XJF, AHF and GSS) are with a closer pairwise distance, which is consistent with the breeding process fact that the Chinese Merino is widely bred in other 3 breeds (CMS, XJF and AHF), at the same time because of excessive introgression Australian Merino leads to superfine-wool strain GSS with a close distance. GSF and QHF clustered together to the other 5 fine-wool sheep. We can easily understand it for the populations of GSF and QHF with geographical proximity presenting a good adaptability to alpine pasture. The gene flow occurred accompanying with superior rams exchanged, thus caused close genetic relationship between them. The wide gene flow seriously affects differentiation and genetic structure of the 7 fine-wool sheep populations, which can also be observed in the genetic structure. Therefore, it supports the historical origin of the Australian Merino derived breed.
Conclusion
In this study, the major finding is that the genetic relationship between the 7 fine-wool sheep populations have small pairwise distances exhibiting high gene flow across these populations. Subsequently, there is a long distance for the fine-wool sheep's genetic differentiation from indigenous breeds which once was their important ancestral population. National Fine-Wool Sheep Association Breeding Program of China plays a vital role on the formation of different breeds with high quality fine-wool, therefore the production systems have been strongly influenced by genetic resources of Australian Merino. As we all know, high genetic diversity is a valuable resource of genetic variation in sheep, along with the introgression of exotic breeds, the important economic traits within those breeds should be enhanced and strengthened during the breeding programs. Besides, adaptability and disease resistance characteristics of the indigenous breed should also be addressed. However, for ensuring concrete conclusion, the findings of these current studies need to be validated with a larger number of individuals per population.
Materials and methods
Animals and sample preparation
In this study, 46 sheep belonging to 25 populations (We have selected 1 or 2 individuals from each sheep population) were collected from a wide geographic range of China. In addition, a total of 482 animals from 9 sheep populations were used consisting 7 main Chinese fine-wool sheep populations (Appendix B) and 2 other sheep breeds, namely, Hu sheep with high reproductive performance and Liangshan semifine-wool sheep. The latter 2 breeds were taken as controls.
DNA extraction
Blood was collected via jugular venipuncture into EDTA-coated vacutainer tubes. All efforts were made to minimize any discomfort for sheep during blood collection. Genomic DNA was extracted from the collected blood samples using the DNA Mini Kit (TIANGEN Bio., Beijing, China). We used NanoDrop 2000 (NanoDrop Technologies, Wilmington, DE, USA) to detect the concentration and purity of the nucleic acids, finally put them in the ultra-low temperature freezer.
Genetic population structure
Genotyping of the Ovine 50K SNP chips from Illumina Inc. (USA) which was performed by BGI Tech. Infinium Genotyping platform using 55 mL of approximately 70 ng mL -1 genomic DNA, before raw signal intensities were converted into genotype calls using the Genome Studio software. Following quality control, 47 816 SNPs with minor allele frequencies (MAF) ≥5% and call rates ≥95% and Hardy-Weinberg equilibrium test P≥0.999, a total of 6 425 were removed, genotypes are available formatted for analysis in PLINK (Purcell et al. 2007) . PCA was implemented in the program EIGENSTRAT which was performed for individual basing genotype data and applied the admixture (Alexander et al. 2009 ). Software and neighbor-joining method was used to construct the phylogenetic tree using Neighbor in the PHYLIP ver. 3.69 packages (Plotree and Plotgram 1989) .
Microsatellite marker typing
Ten of the microsatellites had been selected from the sheep diversity list recommended by FAO and International Society of Animal Genetics (ISAG). They were amplified by PCR where the forward primer 5´ end of each microsatellite was labeled either with fluorescent dye FAM, Tet or Rox, TAMRA according to the expected allele size range (Appendix C).
PCR amplified products were detected by ABI3730XL genetic analyzer (Applied Biosystems, Foster City, CA, USA). The amplified fragments were analyzed and sized with 3730 Data Collection software and GENEMARKER to declare alleles after the purification of the PCR products.
Microsatellite marker data analyses
Allele frequencies and mean number of alleles (MNA) were estimated by direct counting. Parameters of loci diversity were estimated for all microsatellite markers in all populations using the Excel Microsatellite Toolkit software (Park 2001 ), including observed heterozygosity (H O ), expected heterozygosity (H E ) and polymorphic information content (PIC). Allelic richness (AR) and linkage disequilibrium (LD) were estimated using FSTAT 2.9.3.3 software (Goudet et al. 2002 ). An exact test was used to determine deviations from Hardy-Weinberg equilibrium (HWE) proportions and heterozygosity deficiency by GENEPOP (Raymond and Rousset 1995) and the method of Guo and Thompson (1992) . The same software was used to evaluate gene flow by calculating the number of effective migrants (N m ) using private alleles. Wright's F-statistics for each locus was calculated using Weir and Cockerman's method inbuilt in the ARLEQUIN package (Weir and Cockerham 1984; Excoffier et al. 2005) . A significance test on the estimates of Wright's F-statistics (F IT , F IS and F ST ) for each microsatellite locus was obtained by constructing 95% confidence intervals.
To detect genetic relationship among 9 populations, the genetic distances were estimated according to Nei's (1978) unbiased genetic distance by DA using DISPAN (Ota 1993) . Bootstrap values were computed over 1 000 replicates and additionally a Neighbor-Net graph was constructed based on DA distances. Based on genotypes at the 10 marker loci, PCA was performed using MVSP 3.1 (Kovach 2008) . The model-based program STRUCTURE 2.3.3 (Pritchard et al. 2000) was used to analyze the population structure of the 482 sheep. The tests were done on the basis of an admixture model with correlated allele frequencies. The length of the burn-in period was set to 5 000 iterations followed by 10 000 iterations for Markov chain Monte Carlo sampling. Individuals were grouped into a predefined number of clusters with 100 independent runs for each K value. The optimal K was determined by the modal distribution of ΔK (Evanno et al. 2005) . The results were recorded into the DISTRUCT program to provide a graphic display (Rosenberg 2004) , and the results for K=2 to 5 are shown.
